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Abstract. Air-sea CO2 fluxes play an important role in the global carbon cycle and impact Earth’s climate. Knowledge of the 

gas transfer velocity (k) is needed to determine air-sea CO2 fluxes, and wind speed-based parametrizations of k often perform 

well in the open ocean under moderate winds. In the Baltic Sea, several parameterizations have been proposed to estimate k, 

and they yield a higher k compared with parameterizations commonly used in the open ocean. In this study, we measured k 

in the Baltic Sea using the 3He/SF6 dual tracer technique to assess the applicability of published parameterizations in the 15 

inland sea ecosystem. Observed k was similar to those in offshore regions at the same wind speeds, even with enhanced 

surfactant activity. Comparison with observations in the nearshore Baltic Sea suggests that commonly used open ocean 

parameterizations are applicable in the Baltic Sea under moderate wind speeds and developed wave fields. 

1 Introduction 

1.1 The role of air-sea gas exchange and k in the climate system 20 

Air-sea gas exchange is a crucial part of the global biogeochemical processes, shaping the distribution and movement of 

gases across the Earth’s two major reservoirs. The air-sea carbon dioxide (CO2) exchange is particularly important because it 

influences the global climate. Atmospheric CO2 contributes to global warming as a greenhouse gas, while oceanic CO2 

uptake serves as a major long-term sink. Between 2014 and 2023, 10.8 GtC yr-1 of anthropogenic carbon was emitted to the 

atmosphere, while 2.9 GtC yr-1 of the carbon was absorbed by the ocean, which stores 37,000 GtC of dissolved inorganic 25 

carbon (Friedlingstein et al., 2025). The determination of the air-sea CO2 exchange needs the gas transfer velocity (k), which 

represents the kinetic control on the exchange and is a challenging parameter to measure directly in oceanic environments. 

   Extensive research has been conducted to understand the factors controlling air-sea gas exchange in order to parameterize 

k from readily measurable environmental parameters. Among these, wind speed has been the most effective variable for 

estimating k over the open ocean, where most gas exchange studies to date have been performed. Wind is so effective 30 

because it drives the two primary mechanisms governing air-sea gas exchange: near-surface turbulence and bubble formation 
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due to wave breaking (Wanninkhof et al., 2009). Additionally, wind speed is easily and frequently measured, and it is also 

readily available from remote sensing and included as a standard variable in models, making it highly practical for use in 

parameterizations. Under moderate wind speeds, commonly used wind speed/k parameterizations such as those proposed by 

Nightingale et al. (2000a), Ho et al. (2006), and Wanninkhof (2014) can explain over 80% of the variance of k(600) in the 35 

coastal and open oceans (Ho et al., 2011; Ho and Wanninkhof, 2016). 

 

1.2 Measurement of k in the Baltic Sea 

The Baltic Sea, situated in northern Europe, is an inland sea whose drainage basin is approximately four times larger than the 

sea itself, supporting a population of around 85 million people (Kuliński et al., 2022). Previous researchers have developed 40 

parameterizations to estimate k for the Baltic Sea based on waterside CO2 mass balances (Kuss et al., 2004) and eddy 

covariance (EC) CO2 from fixed towers in the Baltic (Weiss et al., 2007; Rutgersson and Smedman, 2010) (Table 1). The 

two (quadratic and cubic) parameterizations by Kuss et al. (2004), as well as that by Weiss et al. (2007), all yield 

significantly higher k than measurements using 3He/SF6 in coastal and open oceans (Fig. 1). The parameterization by 

Rutgersson and Smedman (2010) is not included in Fig. 1 because they separated k into kwind and kconvection, which are wind-45 

driven k and water convection-driven k, respectively. Recently, Gutiérrez-Loza et al. (2022) investigated k measured from 

EC CO2 over nine years at a fixed site on land in the central Baltic Sea. They found that, on average, the measured k 

followed the commonly used parameterization by Wanninkhof (2014). However, on shorter timescales, they also observed 

higher k compared with commonly used parameterizations for the coastal and open oceans.  

   Observational and modeling studies conducted over the last decade in the Baltic Sea to examine biogeochemical cycles, 50 

where fluxes of CO2 and O2 need to be quantified, have utilized a variety of wind speed/k parameterizations (Table 2). 

However, k derived from different parameterizations can differ by more than a factor of 2. This difference in k means that the 

choice of an appropriate parameterization could significantly impact the conclusions of these biogeochemical studies. The 

objectives of this study are to determine gas transfer velocities in the central Baltic Sea, assess the applicability of published 

parameterizations in this region, and examine factors that drive air-sea gas exchange in this inland sea ecosystem.  55 

 

2. Methods 

2.1 CenBASE experiment 

The Central Baltic Air-Sea Exchange Experiment (CenBASE) was conducted on board the R/V Elisabeth Mann Borgese 

(research cruise EMB295) from June to July 2022, in an area of the central Baltic Sea east of Gotland, Sweden (Fig. 2). 60 

During the cruise, k was measured using two methods: 1) 3He/SF6 dual tracers; and 2) CO2 eddy covariance. Underway SF6 

and acoustic doppler current profiler (ADCP) measurements were employed to investigate the spatial distribution and 
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Table 1. Gas transfer velocities determined from published parameterizations.  

References Parameterization for 

k(600) or k(660) (cm h-1) 

Mean k(600) 

(cm h-1) 

cvRMSE 

Nightingale et al. 

(2000) 

k(600)=0.333u10 + 

0.222u102 

 

12.0±4.0 6.2% 

Ho et al. (2006) k(600)=0.266u102 11.7±4.4 6.6% 

Wanninkhof et al. 

(2009) 

k(660)=3+0.1u10 + 

0.064u102 + 0.011u103 

k(660)=0.24u102 

10.3±3.3 7.3% 

Wanninkhof (2014) k(660)=0.251u102 11.6±4.3 6.6% 

Reichl and Deike 

(2020) 

k(660)=0.775×3.6×105×(1.

55×10-4u*+kwb)	
11.9±2.7 5.3% 

Yang et al. (2022) k(660)=0.36+1.203u10+0.1

67u102 

16.4±4.3 19.9% 

Yang et al. (2024) k(660)=54.72u*+10.44u*Hs 15.9±3.5 18.3% 

Kuss et al. (2004) 

quadratic 

k(660)=0.45u102 20.8±7.7 29.8% 

https://doi.org/10.5194/egusphere-2026-1984
Preprint. Discussion started: 22 April 2026
c© Author(s) 2026. CC BY 4.0 License.



 

 

4 
 

Kuss et al. (2004) cubic k(660)=0.037u103 11.8±7.0 10.1% 

Weiss et al. (2007) k(660)=0.365u102+0.46u10 20.0±6.8 28.6% 

Rutgersson and 

Smedman (2010) 

k(660)=0.24u102+kc 23.0±4.3 32.9% 

The mean with standard deviation of the measured k(600) were 10.8 ± 2.9 cm h-1. 

𝑘!" in Reichl and Deike (2020) is ($±&.()×$&
!"

+#	-	.#
𝑢∗

"
$(𝑔	𝐻0)

%
$, where 𝐾& is the solubility, 𝑅 is the 

ideal gas constant, 𝑇&  is the sea surface temperature, 𝑢∗  is wind friction, 𝑔  is gravitational 

acceleration, and 𝐻0 is the significant wave height.  

kc in Rutgersson and Smedman (2010) is (𝐵 ∙ 𝑧12)
&
$, where B is the water side buoyancy flux 

calculated following Rutgersson and Smedman (2010) and 𝑧12 is MLD.  
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Figure 1: k(600) (units: cm h-1) derived from 3He/SF6 dual-tracer experiments with wind speed at 10 m height 
(units: m s-1). Results from CenBASE are green symbols. Red and blue symbols represent results from Baltic
 GasEx 1 and 2 from Dobashi et al. (2026). Solid gray symbols are for open ocean experiments; open symbols 
are for coastal and shelf experiments. The North Sea data are from Nightingale et al. (2000a), Georges Bank
 data are from Wanninkhof et al. (1993) and reanalyzed by Asher and Wanninkhof (1998), Florida Shelf 
Lagrangian Experiment (FSLE) data are from Wanninkhof et al. (1997), Florida Bay data is from 
Dobashi and Ho (2023), GasEx-98 are from McGillis et al. (2001), IronEx II data are from
 Nightingale et al. (2000b), Southern Ocean Iron Experiment (SOFeX) data are from Wanninkhof et al. (2004),
SOLAS Air-Sea Gas Exchange Experiment (SAGE) data are from Ho et al. (2006), Southern Ocean Gas
 Exchange Experiment (SO GasEx) data from Ho et al., (2011), and Deep Ocean Gas Exchange Experiment II
 (DOGEE II) from Salter et al. (2011). Also shown are wind speed and gas transfer parameterizations proposed by
 Nightingale et al. (2000a), Ho et al. (2006), Wanninkhof et al. (2009), Wanninkhof (2014), Yang et al. (2022), 
Kuss et al. (2004) quadratic, Kuss et al. (2004) cubic, and Weiss et al. (2007).
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Figure 2: Location of the study area. A black star and red circles indicate the location where we 
injected tracers and we conducted CTD stations, respectively. In the lower panel, the thick line shows 
the ADCP-derived cumulated currents at approximately 4 m depth after the tracer injection, while the 
dashed line represents the ship track. The different colors of the ADCP line correspond to the periods 
between CTD stations. Map data is downloaded from GEBCO (originated from the GEBCO 2021 
Grid and made with NaturalEarth by OpenDEM (2025)) 
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transport of the injected tracers. Surfactant activity was determined to assess their influence on k. A buoy equipped with a 

bubble camera and temperature, salinity, and dissolved oxygen sensors at depths of 1.2 m and 2.9 m was deployed to 

quantify the bubble distribution and dissolved oxygen concentrations. 65 

 

2.2 Injection and sampling of 3He and SF6 

On 6 July 2022 (yearday (YD) 187), 3He and SF6 were injected at approximately 7 m depth in a hexagonal spiral pattern with 

a diameter of about 1 km, centered at 57.263°N, 20.147°E (Fig. 2) over the course of 40 minutes. After the injection, an 

underway SF6 analysis system (Ho et al., 2002) was used to measure surface SF6 concentrations every ~45 s. The surface SF6 70 

distribution was recorded and displayed to support ship navigation and to locate the center of the tracer patch for discrete 

measurements. The vessel-mounted ADCP (150 kHz Ocean Surveyor, RD Instruments) provided measurements of near-

surface currents and also supported tracking the tracers (the ADCP cumulated current is shown in Fig. 2). 

   Approximately every 12 hours, discrete samples were taken in the water column near the center of the SF6 patch using a 

rosette with a conductivity, temperature, and depth (CTD) sonde and 13 5-L Niskin bottles. 250-ml syringes were used to 75 

obtain discrete SF6 samples from the Niskin bottles. For discrete 3He samples, about 40 ml of seawater were collected in 

copper tubes placed in aluminum channels. Stainless steel clamps were used to seal the tubes at both ends for later shore-

based measurements.  

   SF6 concentrations were measured onboard using a purge-and-trap SF6 analysis system (Bullister and Weiss, 1988; Gerke 

et al., 2024). This system separated SF6 from other gases and measured its concentration by a gas chromatograph equipped 80 

with an electron capture detector (GC-ECD). Approximately 200 ml of the water sample were injected into a purge-and-trap 

unit. Nitrogen served as the carrier gas to purge the samples, and the gases were trapped on a 70-cm column filled with 

Heysep D (60/80 mesh). The trap was maintained at a temperature of approximately −70°C by suspending it over liquid 

nitrogen. The trapped analytes were then desorbed by heating the trap to 100°C. Separation was achieved using a 90-cm pre-

column filled ⅓ with Porasil C and ⅔ with Molsieve 5A, and a 220-cm main column, packed 90% with Carbograph 1AC 85 

and 10% with Molsieve 5A.  

   The 3He samples were shipped to the laboratory at the Institute of Environmental Physics at University of Bremen for 

analysis. In the laboratory, after being removed from the copper tube, the samples were released into glass bulbs. From there, 

they were transferred into glass ampoules, which were then sealed for analysis with a helium isotope mass spectrometer 

(MAP 215-50). δ3He precision for ocean samples is usually better than 0.5% (Sültenfuß et al., 2009). 90 
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2.3 Physical parameters  

Wind speed and direction data at a temporal resolution of 1 min were collected from the ship by a sonic anemometer (Lufft 

Ventus UMB). The wind speed was normalized to a reference height of 10 m, u10, using the Coupled Ocean-Atmosphere 

Response Experiment (COARE) 3.6 algorithm (Fairall et al., 2003; Edson et al., 2013).  95 

   Although the sonic anemometer is mounted in an ideal location at the top of the foremast, the observed wind speed is still 

affected by distortion from the ship’s superstructure. This distortion varies with the relative wind direction, with minimal 

impact when the wind is bow-on. To correct for the effect of the flow distortion, the ship-derived u10 was adjusted by 

referencing wind speed data from European Centre for Medium-Range Weather Forecasts Reanalysis v5 (ERA5; Hersbach 

et al., 2020). Before its use in the correction, the ERA5 wind speed was calibrated against a six-month record of wind speed 100 

measurements from the Östergarnsholm station (Fig. 2) (Rutgersson et al., 2020). The ship-derived u10 was then compared 

with the corrected ERA5 u10 at the same relative wind direction and calibrated subsequently.  

   A three-dimensional sonic anemometer (CSAT3B) was deployed to measure the friction velocity, u*. Using the measured 

fluctuated horizontal and vertical velocity (u′ and w′, respectively), u* was determined by the following equation: 

𝑢∗ = $−𝑢′𝑤′''''''																																																																																																																																																																																																	(1) 105 

u* was also calculated using COARE 3.6 with environmental variables, including wind and wave parameters. Since the 

calculated u* was found to be generally consistent with the measured values, and the measured u* data were not continuous, 

the calculated u* was used.  

   Water samples for surfactant measurements were collected at the CTD stations except for YD 193, following 

methodologies described in Cosović and Vojvodić (1982). The sea surface microlayer was sampled using different methods 110 

depending on weather conditions: either a hydrophilic glass plate was used from a small rubber boat away from the research 

vessel, or a Garrett screen was deployed from the bow of the research vessel. Surfactant activity was analyzed using 

Polarography (797 VA Computrace Control, Metrohm, Switzerland) and referred against Triton X-100 (TX-100, Sigma-

Aldrich, Germany, molecular weight 625 g mol-1). 

   The buoy equipped with a bubble camera at a nominal depth of 80 cm was deployed on YD 185 from 09:20 to 13:55. The 115 

bubble camera is a custom-built instrument that captures high-resolution images illuminated by a strobing light sheet, and 

can detect bubbles with radii ranging from 0.02 to 4 mm (Al-Lashi et al., 2017). The instrument malfunctioned after this 

deployment, unfortunately, and preventing further deployments. 

   Around 2:00 UTC on YD 193, the ship left the tracer patch and headed to Gotland due to inclement weather and a medical 

emergency, and returned to the site around 12:00 UTC on YD 194 for one last CTD station. The corrected ERA5 wind speed 120 

data was used after YD 193.  

   Wave height reanalysis with a temporal resolution of 1 hour and spatial resolution of 2×2 km was obtained from the Baltic 

Sea wave model hindcast product (Copernicus Marine Service, 2024), and net longwave radiation flux, latent heat flux, and 

sensible heat flux from ERA5 were used in our study.  
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 125 

2.4 Calculation of k(600) 

The gas transfer velocity for 3He (k³He) was calculated from the change in tracer ratio over time as follows (Wanninkhof et 

al., 1993):  

𝑘³#$ = −-1 − .𝑆𝑐%&!/𝑆𝑐³#$2
'(/*

3
'(
ℎ
𝑑
𝑑𝑡 .𝑙𝑛

(³𝐻𝑒$+,/𝑆𝐹-)2																																																																																																													(2) 

𝑆𝑐%&! and 𝑆𝑐³#$ are the Schmidt numbers for SF6 and 3He, respectively, defined as the ratio of the kinematic viscosity of 130 

water to the diffusion coefficient of the gas in water (calculated following Dobashi and Ho, 2023). h denotes the tracer mixed 

layer depth (MLD) derived from 3He, SF6, buoyancy frequency, and temperature profiles, following the methods described 

in Stevens et al. (2011) and Dobashi et al. (2026). 3Heexc represents the 3He in excess of its solubility equilibrium with the 

atmosphere, and is hereafter referred to simply as 3He. The measured 𝑘³#$  was normalized to k(600), where 600 refers 

to Sc number of CO2 in freshwater at 20°C, using the following relationship: 135 

𝑘(600) = 𝑘³#$(600/𝑆𝑐³#$)'(/*																																																																																																																																																																		(3) 

k(600) from equation (3) was corrected by dividing the resulting k(600) by 𝜀 = ."#$///////

."#/////$
 to account for enhancement in k(600) 

due to the variability in u10 over the observation period (Wanninkhof et al., 2004).  

 

2.5 Evaluation of published parameterizations 140 

The validity of published parameterizations in the central Baltic Sea was evaluated by comparing the observed decrease in 
3He/SF6 ratio with that predicted by the parameterizations. The analytical solution to Equation (2) can be written as: 

(³𝐻𝑒/𝑆𝐹-)0 = (³𝐻𝑒/𝑆𝐹-)0'(𝑒𝑥𝑝 D−
𝑘³#$𝛥𝑡
ℎ -1 − .𝑆𝑐%&!/𝑆𝑐³#$2

'(/*
3F																																																																																									(4) 

(3He/SF6)t denotes the 3He/SF6 ratio at time t and (3He/SF6)t−1 represents the ratio at the preceding time step. 𝑘³#$  is 

calculated from measured wind speeds and the published parameterizations. Commonly used wind/k parameterizations 145 

(Nightingale et al., 2000a; Ho et al., 2006; Wanninkhof et al., 2009; Wanninkhof, 2014), a wind and wave/k parameterization 

(Reichl and Deike, 2020), high-quality eddy covariance (with a dryer to remove the water vapour)-derived parameterizations 

(Yang et al., 2022; Yang et al., 2024), and parameterizations specifically proposed for the Baltic Sea (Kuss et al., 2004; 

Weiss et al., 2007; Rutgersson and Smedman, 2010) were evaluated. The performance of these parameterizations during the 

observation period was assessed by comparing the predicted 3He/SF6 with measured 3He/SF6 using the coefficient of 150 

variation of the root mean square error (cvRMSE): 

𝑐𝑣𝑅𝑀𝑆𝐸 =
L1𝑁∑ (𝑅1234 − 𝑅2564 )*7

48(

𝑅256'''''' 																																																																																																																																																							(5) 
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Robsn and Rmodn represent the observed and modeled 3He/SF6 ratios, respectively. N denotes the number of stations following 

the initial sampling (in this study, N=8). This equation was also used to optimize the coefficient (A) for a quadratic 

(k(600)= Au102) wind speed/k parameterization, which provides a minimum cvRMSE. A was changed from 0 to 0.5 in 155 

increments of 0.001, and the A that minimized the cvRMSE was identified. 

 

3. Results 

3.1 Environmental Variables 

The mean and standard deviation of the observed wind speed were 7.1 ± 2.2 m s-1 (range=1.5–12.2 m s-1 (Fig. 3a). Salinity 160 

was consistent throughout the study period (7.30 ± 0.01). The temperature of the air and water were 18.3 ± 1.5°C and 18.9 ± 

0.1°C, respectively. The surfactant activity, measured inside the tracer patch, was 0.57 ± 0.07 mg L-1 TX-100 equivalent 

(Karnatz et al. 2025). The bubble camera, which was deployed before our measurement on YD 185 for ~4.5 h (at u10 = 6.2 ± 

2.9 m s-1), detected no bubbles. The wave height and inverse wave age (u10/wave speed; Ω) during the observation period 

were 0.93 ± 0.40 m and 0.90 ± 0.28, respectively (Fig. 3b). 165 

 

3.2 Gas Transfer Velocities 

The measured k(600) was 10.8 ± 2.9 cm h-1 for the whole period (Fig. 1 and Table 3). The observed k(600) was similar to 

offshore regions at the same wind speed. The estimated k(600) derived from parameterizations for the Baltic Sea (Kuss et al., 

2004; Weiss et al., 2007; Rutgersson and Smedman, 2010) ranged from 11.8 to 23.0 cm h−1, most of them exceeding the 170 

observed k(600) (Table 1). Commonly used parameterizations (Nightingale et al., 2000a; Ho et al., 2006; Wanninkhof et al., 

2009; Wanninkhof, 2014) estimated k(600) ranging from 10.3 to 12.0 cm h−1, which are all similar to the observed k(600). 

The wind and wave/k parameterization of Reichl and Deike (2020) gave an estimate of 11.9 ± 2.7 cm h−1, which was also 

close to the observed k(600). The parameterization derived from open ocean high-quality eddy covariance (Yang et al., 2022; 

Yang et al., 2024) yielded 15.9 and 16.4 cm h−1, respectively, which were higher than observed k(600). 175 

   Most parameterizations proposed for the Baltic Sea estimated a faster decrease in 3He/SF6 and so overestimated k (Fig. 3c). 

This overestimation can also be observed in the cvRMSE (Table 1 and Fig. 4). The cvRMSE for parameterizations proposed 

specifically for the Baltic Sea ranged from 10.1% to 32.9%, which is higher than the cvRMSE of commonly used 

parameterizations, ranging from 6.2% to 7.3%. The cvRMSE for parameterization from eddy covariance were 18.3% and 

19.9%, which were also higher than commonly used parameterizations. Among the published parameterizations considered 180 

in this study, the smallest cvRMSE was 5.3% from Reichl and Deike (2020) (Fig. 4).
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Figure 3: Time series of measurements. (a) wind speed derived from ship (red) and ERA5 (blue) at 10 m, 
u10 (units: m s-1), (b) inverse wave age, Ω, defined as u10/wave speed (black) and wave height (units: m) (red), 
and (c) measured and modeled change in 3He/SF6. The black triangle and lines in (a) denote the time of the CTD
 station and the duration during which we were outside the tracer patch, respectively. Error bars in (c) indicate the
 standard deviations. Time is written in (yearday in 2022) (UTC).
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Figure 4: The cvRMSE calculated from the observed and modeled 3He/SF6 by parameterizations which estimate k.
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   The best coefficient of quadratic parameterization was investigated based on results from this experiment, expressed as 

k(600)=Au102 , where A is a coefficient. The coefficient of minimum cvRMSE was 6.5% at A=0.267, which was essentially 

identical to 0.266 proposed by Ho et al. (2006).  185 

   The ratios of observed k(600) and that parameterized by Ho et al. (2006) were calculated as shown in Figure 5 and Table 3. 

These ratios were 0.95 ± 0.15, close to 1, except for a value of 0.65. This comparison further indicates that Ho et al. (2006) 

accurately predicted the observed k(600). 

 

3.3 Comparison with Baltic GasEx 190 

We referred to k(600) measured during the Baltic GasEx cruises, which took place in the nearshore Baltic Sea (Fig. 2) in 

June and September 2018. k(600) were determined using 3He/SF6 (Dobashi et al., 2026). Since wave measurements were not 

conducted during these two cruises, Dobashi et al. (2026) used hindcast data from the same wave model employed in this 

study. Surfactants were also measured during Baltic GasEx (Barthelmeß and Engel, 2022).  

   During Baltic GasEx 1 and 2, k(600) were 6.6 ± 3.1 cm h-1 and 8.0 ± 1.2 cm h-1, respectively, which were lower than other 195 

coastal and offshore regions at the same wind speeds, especially at the high wind speed and the young wave age (Figs. 1 and 

5) (Dobashi et al., 2026). The surfactant activity was 0.30 ± 0.03 mg-eq L−1 and 0.35 ± 0.05 mg-eq L−1 during Baltic GasEx 

1 and 2, respectively (Barthelmeß and Engel, 2022). These values were higher than in typical offshore areas but were lower 

than those observed during CenBASE. 

 200 

4. Discussion 

4.1 k(600) comparison with previous measurements 

The parameterizations proposed for the Baltic Sea tend to overestimate k(600). Two of them were derived using EC CO2 

(Weiss et al., 2007; Rutgersson and Smedman, 2010). The fact that previous studies reported higher k in the Baltic Sea, and 

that parameterizations derived for this region yield higher k compared to commonly used parameterizations, either indicates 205 

an enhancement of gas exchange in the Baltic Sea relative to other oceanic regions or reflects methodological differences in 

determining gas exchange in the Baltic Sea. Based on our results, there was no evident enhancement in k in the Baltic Sea 

compared with other offshore regions at the same wind speeds. Regarding methodological differences, the previous EC CO2 

data in the Baltic Sea were measured using open-path EC systems without drying the samples (Weiss et al., 2007; 

Rutgersson and Smedman, 2010; Gutiérrez-Loza et al., 2022), and it has been shown that water vapor will affect these 210 

measurements (Landwehr et al., 2014; Blomquist et al., 2014; Nilsson et al., 2018), for which very noisy and implausible k 

values have been reported (e.g., Blomquist et al., 2014). 
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Figure 5: The ratio of observed k(600) to that parameterized by Ho et al. (2006) against inverse wave age (Ω)
 which is defined as u10/wave speed. Red circles, blue squares, and black diamonds indicate results from
 Baltic GasEx 1, 2, and CenBASE, respectively. Black thick line indicates the ratio equals 1. 
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   The recently proposed parameterizations derived from high-quality open ocean EC CO2 measurements (Yang et al., 2022; 

Yang et al., 2024) also tended to estimate a higher k(600) than those observed by 3He/SF6 in this study. The reason for this 215 

discrepancy is unclear, but it is possible that the differences observed between k derived from 3He/SF6 and EC CO2 in the 

open ocean might also exist in the Baltic Sea (Yang et al., 2022). Improvements in technology and a better understanding of 

errors and their corrections would contribute to a more consistent k between 3He/SF6 tracer release experiment and EC CO2 

(Asher, 2009; Dong et al., 2021).  

   One of the parameterizations derived for the Baltic Sea was from waterside CO2 mass balances (Kuss et al., 2004). To 220 

determine air-sea gas flux using this method, other variables, such as advection and biological activities, must be accurately 

calculated. Errors in these calculations propagate to air-sea gas flux, k(600), and its parameterizations. Kuss et al. (2004) 

studied three periods, and the estimated errors in CO2 flux calculations were 14%, 25%, and 83%, respectively. In particular, 

the large error during the third period is expected to have a significant impact on the calculation of k(600).  

 225 

4.2 Factors that control k(600) in the Baltic Sea 

Salinity was constantly 7.3 throughout the measurement period. At this salinity, the number of bubble coalescence events 

should be higher than in the open ocean where salinity is about 35 (Firouzi et al., 2015). The consequence is that in fresher 

water, bubbles will coalesce and rapidly rise to the surface, reducing both their contact time with the water and their surface 

area. This suggests that the salinity during our observation period may have suppressed bubble-mediated gas exchange 230 

compared with the open ocean. Also, the bubble camera deployed under a wind speed of ~6 m s-1 did not detect bubbles. 

This suggests the number of bubbles was small and that air-sea gas exchange via bubbles was not significant. Limited fetch 

may have inhibited wave development, leading to a less developed wave field compared with those in the open ocean, and 

resulting in reduced breaking wave and bubble production.  

   We analyzed the ratio of measured to parameterized k(600) by Ho et al. (2006), using data from both Baltic GasEx and 235 

CenBASE. We incrementally included data in order of increasing Ω, and calculated the mean ratio at each step. Between Ω 

of 0.6 and 1.8, the mean ratio was 0.9±0.2, which is close to 1. The ~10% reduction might be explained by enhanced 

surfactants and relatively limited fetch compared with the open ocean. However, the difference is minor given that 

commonly used parameterizations account for ~80% of the variance in k(600) (Ho et al., 2016). This indicates that when 

waves have reached the fully developed phase and Ω is low, k(600) can be reliably estimated by wind speed alone. In 240 

contrast, when the inverse wave age exceeded 1.8, incorporating data with higher Ω led to a decrease in the mean ratio. This 

indicates that when waves are in the developing phase (large Ω), for example, due to fetch limitation, k(600) is smaller 

compared with when waves are fully developed. During CenBASE, Ω was less than 1.8 for the whole period and commonly 

used wind speed/k(600) parameterizations fit observed k(600) well, suggesting that wind is the primary factor controlling gas 

exchange in this region.  245 
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4.3 Applicability of parameterizations 

The applicability of commonly used parameterizations remains uncertain in several ecosystems and environmental 

conditions. The distance from the land to the observation site was approximately 70 to 340 km, implying that the fetch was 

limited compared with the open ocean, and so k may have been reduced. Surfactant activity during CenBASE was higher 250 

than typical open ocean concentrations (Mustaffa et al., 2020), potentially suppressing k. However, comparison with Baltic 

GasEx suggests that the wind/k parameterization from Ho et al. (2006) applies well (the mean difference was about 10%) 

when Ω is small, even with enhanced surfactants. Therefore, our finding implies that commonly used parameterizations can 

be applied to other coastal and inland seas where the fetch is not strongly limited (~70 km) and thus Ω remains small, 

surfactant activity is elevated (up to 0.56 mg-eq L−1), and wind speeds are moderate and bubbles play only a minor role. 255 

   The parameterization of Reichl and Deike (2020) yields an estimate of k(600) that is about as accurate as those from 

commonly used parameterizations. The parameterization of Reichl and Deike (2020) was originally designed by a bubble 

dynamic model constrained by open ocean eddy covariance data and first proposed by Deike and Melville (2018). Reichl 

and Deike (2020) applied a calibration factor of 0.775 to align with Wanninkhof (2014), which explains similarities between 

these two parameterizations. 260 

   As summarized in Table 2, several parameterizations are applied to study biogeochemical cycles in the Baltic. We can 

recalculate the flux if the flux was based on pCO2 measurement and k was derived from any equation with the form of 

k = Au102, where A is an arbitrary coefficient. The recalculated k and thus fluxes are18%, 43%, -6%, and 2% lower compared 

with parameterizations of Wanninkhof (1992), Kuss et al. (2004), Wanninkhof et al. (2009), and Takahashi et al. (2009), 

respectively. The k(600) in studies applying Wanninkhof (1992) or Kuss et al. (2004) were overestimated and thus required 265 

significant corrections. In contrast, the corrections for studies that used Wanninkhof et al. (2009) and Takahashi et al. (2009) 

were relatively small.  

   Gustaffson et al. (2015) used a physical-biogeochemical model to examine the influence of parameterizations, such as k, 

on the calculation of air-sea CO2 flux in the Baltic Sea. They applied wind speed/k parameterizations of Liss and Merlivat 

(1986), Wanninkhof (1992), and Wanninkhof et al. (2009), and the results showed that effects on the flux were below 5%. In 270 

our study, the relationship between wind speed and k was shown to be considerably different between the nearshore and the 

central Baltic Sea, mainly due to fetch limitations. This study highlights the need to use different wind speed/k 

parameterizations depending on wave fields, or to parameterize k not only using wind speed but also including wave field 

information. 

275 
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5. Conclusion

Air-sea gas exchange in the inland sea ecosystem of the central Baltic Sea was examined using the 3He and SF6 dual tracer 

technique. Although surfactant activity was high, the observed gas transfer velocity (k) was similar to that of the open ocean 

at moderate wind speeds. Most parameterizations designed for the Baltic Sea tend to overpredict gas exchange, possibly due 

to differences in methodology. Comparison with experiments in the nearshore Baltic Sea suggests that commonly used wind 280 

speed/k parameterizations estimate k well when wind speeds are moderate and the wave field is well-developed. Wind speed 

alone explains most of the variability in k in the central Baltic Sea and other inland sea ecosystems. 
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